Background: Sepsis-associated encephalopathy (SAE) is related to cognitive sequelae in patients in the intensive care unit (ICU) and can have serious impacts on quality of life after recovery. Although various pathogenic pathways are involved in SAE development, little is known concerning the global role of long non-coding RNAs (lncRNAs) in SAE.
dissected on ice.
RNA extraction
Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA quantity and purity were measured using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and RNA 6000 Nano LabChip Kit (Agilent Technologies). The integrity of the RNA was assessed through agarose gel electrophoresis. RNA samples with RNA integrity number >7.0, OD 260/280 ≥1.8
and OD 260/230 ≥1.5 were viewed as high purity and used in the following experiment.
Library construction and sequencing
rRNA was removed from 5 μg total RNA (including mRNAs and lncRNAs) using the Ribo-Zero rRNA Removal Kit (Epidemiology version) (Epicenter, Madison, WI, USA).
For accuracy and reliability, the raw data were preprocessed by trimming the adaptors and low-quality reads. Following purification, mRNA was fragmented into small pieces using divalent cations under elevated temperature. The cleaved RNA fragments were amplified and reverse-transcribed into the final cDNA library using the mRNA-Seq Sample Preparation Kit (Illumina, San Diego, CA, USA). The average insert size for the paired-end libraries was 300 ± 50 bp. Cluster generation and sequencing were performed on a Hiseq2500 sequencer (Illumina) at LC-BIO (Hangzhou, China) using the paired-end sequencing (100 bp).
Data analysis
Reads were aligned to the rat genome (from UCSC Genome Browser) using Bowtie 2(2.1.0). The expression level of each transcript in each sample was evaluated by reads per kilobase per million mapped reads (RPKM). RPKM = total exon reads/ [mapped reads (millions) × exon length (kb)]. All the lncRNAs were annotated with the corresponding target genes and potential regulatory mechanisms.
GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes)
analyses RNA-seq provided a new perspective on the coordinated correlation of lncRNA expression in the rodent transcriptome under specific stresses. We investigated the function of all the unknown lncRNAs by data curation and reprocessing. Predicted gene targets were separately analyzed using GO (http://www.geneontology.org/) and KEGG (http://www.kegg.jp/kegg/pathway.html). GO terms were used to depict aberrantly expressed RNAs from three aspects: cellular component, molecular function and biological process. KEGG terms were applied to annotate RNAs in biological pathways. Sequencing analysis was performed by LC-BIO.
Statistical analysis
Statistical analysis was performed by one-way analysis of variance followed by Student's t test using SPSS version 13.0 (SPSS, Chicago, IL, USA). Quantitative data were expressed as mean ± standard deviation. Statistical significance was noted with a threshold of fold change >1.5 and p < 0.05 for analysis of sequencing data, and the false discovery rate was calculated to correct the p value. Two-sided Fisher's exact test was used to designate GO category and KEGG results.
Results

Alignment of RNA-seq reads
There were 24,954,481 clean reads and an average of 8,318,160 per sample, with a valid ratio of 99.82%. The unique clean reads were 14,123,311, with a valid ratio of 99.73%. The workflow of sequencing in this study is shown in Fig. 1 . The valid clean data were analyzed with Bowtie software, which mapped these data to reference values in the mRNA/lncRNA database for subsequent analysis of differential expression and function of the obtained transcripts ( Table 1 ). The characteristic expression tendency of mRNAs and lncRNAs is shown in Fig. 2 .
Differential expression profile of mRNAs
To reveal the differential expression profile of the RNA transcriptome, the 8-week-old rodent brain mRNAs exposed to 5 mg/kg LPS were identified by sequencing. In addition to the significantly altered genes, Fig. 3A and B shows the changes in mRNA, including the non-significantly expressed genes in the adult rodent brain transcriptome. After short-term exposure to LPS (L6 group), 155 mRNAs were significantly changed, whereas the number decreased to 78 after long duration of LPS exposure (L24 group). Thirty-eight genes were changed in common between the two groups (Fig. 3C ). The genes that were significantly up-and down-regulated after LPS treatment are shown in Fig. 3D , as compared with the genes in the control groups. The Hierarchical cluster analysis of the differentially expressed mRNAs in response to the two durations of LPS exposure is shown by the heatmaps in Fig. 3E and F. Integrative analysis of mRNAs, including the fold changes (experimental vs.
control groups) and p values calculated from the normalized expression data, was performed as outlined in Tables 2 and 3 . Table 4 gives details of differential expression of mRNAs commonly altered in response to LPS exposure (p < 0.05).
GO and KEGG analysis
To elucidate further the alterations of cellular component, molecular function, biological process and biological pathways induced by LPS, GO annotations and KEGG analysis were subsequently applied to the differentially expressed genes.
In the L6/C (L6 vs. control) group, the up-regulated mRNAs were involved in 96 biological processes, 16 cellular components, and 29 molecular functions. The down-regulated mRNAs were involved in 85 biological processes, 16 cellular components, and 31 molecular functions. In the L24/C (L24 vs. control) group, the up-regulated mRNAs were involved in 64 biological processes, 8 cellular components, and 35 molecular functions. The down-regulated mRNAs were involved in 22 biological processes, 6 cellular components, and 11 molecular functions. The most frequently represented biological process items were "response to hyperoxia (GO:0055093)" in the L6/C group and "post-chaperonin tubulin folding pathway (GO:007023)" in the L24/C group. The most significant cellular component terms were "respiratory chain (GO:0070469)", "respiratory chain complex IV (GO:0045277)", and "mitochondrial respiratory chain complex I (GO:0005747)" in the L6/C group, and "gap junction (GO:0005921)" and "extracellular exosome (GO:0070062)" in the L24/C group. The most frequent molecular function terms were "NADH dehydrogenase (ubiquinone) activity (GO:0008137)", "GTPase activity (GO:0003924)"
and "receptor signaling complex scaffold activity (GO:0030159)" in the L6/C, and "antigen binding (GO:0003823)" in the L24/C groups ( pathways were significantly up-regulated, and the highest enrichment score in the pathways was "axon guidance" in the L6/C group. The other up-regulated pathways were "arachidonic acid metabolism", "sphingolipid metabolism", "antigen processing and presentation", "renin-angiotensin system" and "protein processing in endoplasmic reticulum" in the L6/C group. Similarly, five pathways were significantly up-regulated in the L24/C group; the top three were "sulfur relay system", "other glycan degradation" and "fructose and mannose metabolism". Figure 5A and B shows the changes in lncRNAs in the mature rodent brain transcriptome after LPS exposure. Compared with the control groups, we identified 316 significantly differentially expressed up-regulated and 84 significantly differentially expressed down-regulated lncRNAs after short-term exposure to LPS (L6 group) (fold change >1.5, p < 0.05). The numbers decreased to 117 and 79 after long-term exposure to LPS (L24 group) ( Fig. 5C ). Altogether, it revealed that lncRNAs, both up-regulated and down-regulated in L6 group, changed more than with long-term duration. Hierarchical cluster analysis of the differentially expressed lncRNAs is shown by the heatmaps in Fig. 5D and E. The integrative analysis of significantly expressed down-regulated lncRNAs is shown in Table 5 .
Differential expression profile of lncRNAs
Characterization of the lncRNAs from RNA-seq data
The single-exon and multi-exon numbers occupied 10,012 (38.89%) and 15, 732 (61.11%) of 25,745 lncRNA transcripts. There were 1,743 (8.23%) single exons and 19,439 (91.77%) multi-exons in the 21,183 mRNA transcripts (Fig. 6A) . The length distribution analysis demonstrated that the lncRNAs and mRNAs mainly changed in the range >1,000 bp ( Fig. 6B ). Opening reading frame (ORF) analysis was based on the principle of six-frame translation, which aimed to provide evidence for gene prediction. From this prediction algorithm, it was clear that the ORFs coded by mRNA were longer than those coded by lncRNAs. It is possible that lncRNAs can code 500 amino acids, which is the classical hallmark of protein-coding genes (both from ncRNAs and mRNAs) ( Fig. 6C and D).
Discussion
The mammalian brain expresses an abundant number of lncRNAs that have gradually become novel modulators for intervening in neuronal disease [16] . Using a rodent model of LPS-induced SAE and deep RNA sequencing (RNA-seq), we profiled LPS-modulated transcriptomes in adult rodent brains to determine the mechanism involved in neurological dysfunction after sepsis. In the present study, RNA-seq analysis of rodent brains under two conditions of LPS treatment revealed 195 responsive genes, among which, 38 mRNAs were changed in both groups. These results suggest that lncRNAs play critical roles in regulating gene expression, neurogenesis, function and disease in the CNS, which is in accordance with previous reports [17] [18] [19] [20] .
Various lncRNAs are highly expressed in the nervous system, which modulate gene expression via diverse mechanisms, including genetic imprinting, mRNA decay, chromatin remodeling, gene network reprogramming, and translational regulation [16, 21] . lncRNA dysfunction is related to the onset and progress of nervous system disorders [16, 22] . The growing evidence evokes awareness of the importance of lncRNAs in the CNS. However, because these molecules are novel and poorly understood, their role in defense against infection is largely unexplored. The prevalence of high-throughput RNA-seq provides an opportunity to map the lncRNA transcriptome. Comprehensive transcriptomic analysis helps us to understand the gene regulatory mechanisms in the LPS stress response in rats.
Recently, the pathogenesis of neural dysfunction and intellectual disorder is increasingly focused on defects in the microtubulin system [23] . Microtubules are an essential component of the cytoskeleton of almost all eukaryotic cells, and they are also responsible for the structural backbone of axons that participates in a diverse array of indispensable neural functions throughout life. They are enriched in the cell body and in the axonal initial and distal segments, such stable distribution of microtubules is vital to normal function of neurons [24] . If the process of microtubule production and polymerization in the CNS were changed, it would be reasonable to believe that there would also be morphogenetic changes in axons and many cellular processes, such as growth, division, polarity, migration, organelle positioning and cell-wall deposition [25] [26] [27] [28] . Furthermore, these highly dynamic structures are intracellular transport trackers for signal transduction, organelle positioning and nutrient supplementation between cell bodies and processes [29, 30] . Their adaptive plasticity is strong, which can quickly respond to changes in the environment [24] .
LPS is toxic to cultured eukaryotic cells and inhibites in vitro microtubule
formation [31] . LPS targeted to intracellular microtubule architecture results in microtubule disassembly [32] . LPS can also bind to tubulin to cause microtubule fragmentation and shortening [33] . In the present study, after 6 or 24 h exposure to LPS, the comprehensive profiling suggested that protein-coding genes were frequently enriched in GO:007023 (post-chaperonin tubulin folding change). It is acknowledged that tubulins are the most highly conserved proteins across species [34] . The correct and complex folding of α-and β-tubulin is assisted by chaperonins, then tubulins are further processed to reach their final functional heterodimers, mediated by a set of five different tubulin binding cofactors, TBCA, TBCB, TBCC, TBCD and TBCE [35, 36] . In the present study, the most preferentially affected tubulin gene, Tbcc, which encodes one of the post-chaperonins, was significantly altered after 6 or 24 h exposure to LPS (p < 0.01). Tbcc is present at the centrosome, which is the organization center during the early phase of microtubule formation [37] . It is also involved in mitosis, which points to its vital role in eukaryotic genomic stability [37] .
Tbcc is associated with the assembly of polarized α-and β-tubulin heterodimers in a head-to-tail fashion [38] . The ability to polymerize microtubules is a key cytoskeletal process in axonal growth and maintenance [37, 39] .
Based on BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) analysis, our newly identified lncRNAs (NONRATT020317) in rodent brains shared many characteristics with BC1, which implied that both possess analogous function in rodents. Rat BC1 is a highly conserved ncRNA exclusively expressed in the rodent nervous system [40, 41] , and its counterpart BC200 is expressed in human brains [42, 43] . Both of them are located in postsynaptic domains of neurons. Furthermore, BC1 and BC200 are expressed in the same subpopulation of neurons in rats and primates, respectively [42] . Thus, the two kinds of RNA are probably functional analogs. BC1 is formed in neurons and transferred through microtubules to synapses. It controls microtubule construction through inhibiting protein synthesis in dendrites, to modulate signal transduction [44, 45] . The mislocalization and overexpression of BC1 result in microtubular malformation, and microtubules are closely associated with synaptic plasticity [46] . It is reported that BC1 knockout mice have lower survival rates than control mice, which is manifested as more anxiety and lower exploratory behavior [47] . Dysfunction of primate-specific BC200 impairs the delivery of RNA to the synapses, which is the main pathogenetic process of neurodegenerative diseases, such as Alzheimer's disease [42] . Similarly, NONRATT020317 expressed in adult rat brains is probably responsible for modulating synaptic plasticity.
We found that the functional pathway KEGG 04360: axon guidance was significantly changed, which provides further evidence that microtubules are affected by inflammatory sequelae. Axon guidance guides the growth and development of axons in immature brains, whereas in developed brains, it controls synaptic plasticity [48, 49] . The aforementioned results verify that, after the inflammatory response, CNS dysfunction is partly associated with microtubular dysfunction and axon guidance. However, the exact mechanism of involvement of BC1 in SAE remains to be elucidated. Elucidation of unknown expression patterns would be useful to explore the specific potential for this lncRNA in clinical translation.
The results of RNA-seq and the predictions of bioinformatics are preliminary, so evidence for lncRNAs in CNS dysfunction in sepsis is still needed. Although detailed functional validation was beyond the scope of this study, accurate verification of novel lncRNAs warrants further investigation through biological experiments.
Additionally, with the help of biotechnological developments, the function of more lncRNAs in different types of cell stress will be established. Further studies could be conducted to determine the complex noncoding transcriptional networks in SAE.
There is an urgency to develop genetic model systems and identify their functions in vivo. Finally, future research should be based on the prioritized lncRNAs to examine how the related noncoding transcriptional pathways intersect.
Conclusions
This study is believed to be the first identification of LPS-responsive lncRNAs and mRNAs in adult rodent brains, with the potential to discover an unknown lncRNA-based molecular mechanism in SAE. The predicted lncRNA-mediated effects on microtubules could represent a mechanism for neural damage by LPS. For the preliminary characterization of the bioinformatics tool, the molecular and functional contributions are still warranted for further study by the integrational neural model.
Undoubtedly, these data may also provide a basis for the new biomarkers, such as lncRNAs/mRNAs, with the aim of achieving early diagnosis or attenuating LPS-induced CNS sequelae. 
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